Detailed spectrometry and optical spectroscopy studies carried out on GaN crystals grown in solution detect and identify Mg as the dominant shallow acceptor. Selective etching of crystals with higher Mg levels than that of the donor concentration background indicates that Mg acceptors incorporate preferentially in the N-polar face. Electrical transport measurements verified an efficient incorporation and activation of the Mg acceptors. These results suggest that this growth method has the potential to produce p-type doped epitaxial layers or p-type substrates characterized by high hole concentration and low defect density. # 2013 The Japan Society of Applied Physics I II-nitride material scientists have strived in the last two decades to realize the growth of large area GaN wafers. Presently, only hydride vapor phase epitaxy (HVPE) and ammonothermal growth methods have produced commercial quality substrates. 1-3) The first method, a fast quasi-bulk growth technique, uses sacrificial substrates to produce up to 6 in. diameter wafers, or boules of 2 in. diameter and $0:5 in. thickness. 4, 5) The ammonothermal method, a low-growthrate process with multi-seeded capability, produces boules of 2 in. diameter of selected crystal orientations. 6) HVPE wafers are in general n-type (free carrier concentration of typically !5 Â 10 17 /cm À3 ), have a high dislocation density (commonly !1 Â 10 7 /cm À2 ) and poor flatness. 7) Ammonothermal GaN wafers typically have a very high concentration of free electrons (typically !5 Â 10 18 /cm À3 ), but they are very flat and have a very low dislocation density ($1 Â 10 4 /cm À2 ). 8) Both techniques can produce electrically isolating substrates by doping with impurities that yield deep compensating levels. However, substrates with reproducible low free electron background and p-type conductivity are still not fully realized. Therefore, the development of a method that yields GaN substrates with full simultaneous control of the electrical and crystalline properties is most desirable.
conducted under purified nitrogen flow at pressures between 0.23 and 0.25 MPa and temperatures near 750-800 C. The crucible contents were washed with deionized (DI) water and hydrochloric acid to dissolve the remaining compounds. Bulk hexagonal-shaped GaN crystalline platelets of 4 to 6 mm 2 area and 0.025-0.04 mm thickness were selected for characterization studies. FWHM of the X-ray diffraction rocking curve and A1(LO) phonon of single-domain platelets are similar to those reported in Ref. 10 , typically $16 arcsec and $7:0 cm À1 , respectively. These values are consistent with high crystalline quality and low n-type background free carrier concentration.
A thorough study was carried out to verify the intrinsic optical and electronic properties of self-nucleated crystals grown in solution. Detailed photoluminescence (PL) and secondary ion mass spectrometry (SIMS) were performed to identify the incorporated impurities. RT and low-temperature (LT) PL measurements were employed to investigate the optical properties of the GaN crystals. For the LT measurements ($1:5{6 K), the samples were placed in a continuous-flow He cryostat with temperature variation capability between 1.5 and 300 K. Luminescence was excited with the 325 nm line of a He-Cd laser with a typical incident power between 15 and 700 W. Neutral density filters were used to maintain the incident power within desired limits to avoid heating of the samples and to allow the observation of recombination processes with different time constants. The emitted light was dispersed by a 1800 grooves/mm 0.85 m double-grating spectrometer and detected by a UV-sensitive GaAs photomultiplier coupled to a computer-controlled photon counter system. A number of crystals characterized by relatively large spectral intensity variations of various emission bands were selected for this study, to provide insight on the optical and electronic properties of crystals grown by this method. Selective etching was employed to identify the N-and Ga-polar faces of the samples. SIMS, and low and RT PL experiments were carried on both pristine faces of the crystals to verify potential preferential impurity incorporation. Electrical characterization was performed on a probe station at RT in a front-front and front-back configuration. Current-voltage (I-V ) characteristics were measured with a HP4145B semiconductor parameter analyzer, and capacitance-voltage (C-V ) measurements were performed using a HP4275 LCR meter.
RT PL measurements were performed on a large number of samples from different growth batches, in an attempt to verify the correlation between spectral intensity distribution with impurities incorporation and growth conditions, and to obtain quick insights on the electronic properties of unintentionally doped (UID) crystals. Samples were selected by illumination with an unfocused 325 nm line of the He-Cd laser. During this process, it was observed that crystals from different growth batches had a dominant violet or yellow/ green emission. Also, it was observed that the opposite face of samples from growth batches characterized by intense violet emission would emit mostly yellow/green light at RT. These observations suggest that, first, the growth condition effects the impurity incorporation, and second, there is a clear dependence of the impurity incorporation on the crystal surface polarity. It was found that crystals grown at a lower temperature (near 750 C) have one face emitting an intense violet light, while both faces of crystals grown at higher temperature (near 800 C) emit a dominant yellow/green light. Figure 1 depicts the low-resolution RT PL spectra of both faces of a crystal from the H135 growth run. The real color (RGB) PL imaging of Face-1 of this sample is highlighted in the inset and clearly shows a uniform and dominant violet emission. The spectrum of Face-1 is dominated by a recombination process with a peak at 3.25 eV, while that of Face-2 has a stronger contribution from the yellow/green defect band near 2.35 eV and smaller contributions from the 3.25 and $3:4 eV bands. The $3:4 eV emission results from the overlapping of contributions from recombination processes involving electrons in the conduction band and holes from the valence bands (band-to-band), since, at RT, the majority of the shallow donors transfer their electrons to the bottom of the conduction band due to thermoionization, and also from recombination processes involving free exciton with holes from the A, B, and C valence bands. The 3.25 eV band is associated with the recombination process involving electrons in the conduction band with holes bound to the acceptor (free-to-bound or F-B). Samples with RT PL spectra of Face-1 characterized by a small contribution from the 3.25 eV emission band do not show the 3.25 eV emission band in the spectrum of Face-2, which is usually dominated by the 3.4 eV and the yellow/green bands. Despite that, the LT spectra from both faces of such samples still show a small spectral contribution due to recombination process involving shallow donor and shallow acceptor. These observations indicate that the incorporation of shallow donor and acceptor depends largely on the growth temperature and crystal face polarity. The RT spectrum of Face-1 of the sample from batch H135, highlighted in Fig. 1 , shows only an intense 3.24 eV band, indicating that the recombination is dominated by the F-B process. The lack of the NBE emission and yellow-green bands suggests that the Fermi level has moved deeper into the forbidden gap toward the acceptor energy level due to a large excess of neutral acceptors.
SIMS measurements were carried out on both faces of selected samples to identify the chemical nature and concentration of the incorporated impurities. The concentration levels of O and Si were typically $5 Â 10 16 and 5 Â 10 15 -1 Â 10 16 atoms/cm 3 , respectively, which are close to their detection limits. The concentrations of C and H were at detection limits, but they cannot be ruled out as very low level contaminants. The Li concentration range is ð1{6Þ Â 10 17 atoms/cm 3 (detection limit $1 Â 10 14 atoms/ cm 3 ), which is not surprising considering that Li 3 N is one of the precursors of the growth method. Nevertheless, no additional emission band has been observed in the probed spectral region that could be attributed to Li impurity. This spectroscopic study also verified that Mg was incorporated in the samples with concentration between 3 Â 10 17 and 2 Â 10 18 atoms/cm 3 . In addition, it was observed that one of the sample faces always had at least one order of magnitude lower Mg doping level. Gas discharge mass spectrometry (GMDS) of the Li 3 N precursor detected a background concentration of 6.6 ppm Mg indicating that this was source of Mg doping. A comparison between SIMS and GDMS results consistently indicates an efficient incorporation of Mg in the GaN crystal.
Chemical etching provides a simple approach to distinguish between the Ga and N polar faces of GaN, due to their different etch rates in KOH. 13) Selective chemical etching was performed on two crystals platelets characterized by bright RT violet emission. Two crystals from the H135 batch were mounted on a platinum foil with either the violet or yellow/green emitting face up, and etched in 2 M KOH at 100 C for a few minutes. It was observed that only the crystal whose face emits the violet light under UV excitation at RT was attacked by the etching solution (which is indicative of the N-polar surface), as depicted in Figs. 2(a) and 2(b). This result clearly indicates that the N-polar surface incorporates larger amount of Mg than the Ga-polar face. One possible explanation of this observation may be related to the lifetime of Mg adatoms on the N-polar face during the growth, which is expected to be larger than on the Ga-polar face due to the GaN atomic structure. A lower growth temperature may increase the Mg adsorption lifetime during the growth, resulting in higher Mg incorporation, as was observed for GaN crystals grown at temperatures near 750 C. LT PL experiments were carried out on both faces of a sample from growth run C80, grown under similar conditions to the samples from the H135 batch, to identify the nature of the recombination processes detected in the measured spectral range. Figure 3 shows the LT PL spectra of the N-and Ga-polar faces of a crystal, from the growth batch C80, acquired in the spectral range between 1.77 and 3.78 eV. The spectra are dominated by an intense peak near 3.47 eV associated with the annihilation of free excitons and excitons bound to shallow donor and acceptor impurities, commonly called ''near-band-edge'' (NBE) emission band. These recombination processes have one phonon replica (1LO-NBE) around 3.38 eV. The intense broad band resulting from multiple overleaping peaks is assigned to the recombination process involving the annihilation of electrons localized at neutral shallow donors (Si and/or oxygen) with holes localized at Mg neutral shallow acceptors, represented by ''DAP & Phonon Replicas'' in Fig. 3 . The first peak observed at $3:27 eV is non phonon or zero-phonon line (ZPL) DAP recombination band and does not involve phonons in the recombination process. The additional peaks are DAP phonon replicas which are displaced toward the low-energy side of the ZPL-DAP band by multiples of 92 meV, the energy of the strongly coupling A1(LO) phonon. These spectra also show a weak yellow band (at $2:25 eV, $551 nm) and/or the green band (at $3:27 eV, $523 nm).
The high-resolution PL spectrum of the same samples measured at 6 K in the spectral region assigned to the NBE emission (between 3.51 and 3.32 eV) is depicted in the inset of Fig. 3 . The spectrum of the Ga-polar face include emission lines associated with recombination processes involving the annihilation of free excitons with holes deriving from valence band A (FX A ) and valence band B (FX B ). The intense line assigned to the annihilation of excitons bound to neutral shallow donors (Si and/or O), which leave the donors in the ground states (X A D o ), is observed at 3.471 eV. 14) The line related to the annihilation of exciton bound to a neutral Mg shallow acceptor (X A A o ) is observed at 3.465 eV. In contrast, only a very weak X A D o emission line is observed in the high-resolution spectra of the N-polar face. This observation is consistent with efficient compensation of the shallow donors by increased incorporation of the neutral Mg shallow acceptor. 15) Additionally, the emission line associated with the recombination process leaving the donors in the excited states (two electron satellite or 2ES) at 3.449 eV, weakly observed in the spectrum of Ga-polar face, is not present in the PL spectrum of N-polar face. This observation is also consistent with a relatively higher concentration of background shallow acceptor impurities in Npolar face. 15) Furthermore, the sharp X A A o line shape in the Ga-polar face spectrum is considerably broader in the Npolar face spectrum, indicating higher Mg acceptor concentration in the N-polar face. 16) The evidence of increasing incorporation of Mg acceptors in the N-polar face is corroborated by increased relative intensity of the DAP band. No evidence of a second acceptor or spectral intensity variation was observed in any sample, even after hours of high-intensity light soaking. 17) The very low level of H in these crystals and the stability of their excitonic spectra strongly indicate that the shallow Mg acceptor is a substitutional isolated impurity for Ga, and is not complexing with any impurity or structural defect. 18) It was also observed during the excitation intensity experiments that these crystals have excitonic related peak intensities 500 to 1000 times larger than that observed from MBE-deposited homoeptixal films with the same level of Mg doping. 19) Considering that the yellow/green band associated with deep gap levels is observed in both kinds of sample, it is fair to assume that the bulk GaN crystals grown from solution have a considerably lower concentration of non radiative defects or defects that emit outside of the measured spectral range.
C-V measurements carried out on the bright violetemitting face of one sample indicated p-type conductivity with a RT hole concentration of 5 Â 10 16 holes/cm 3 . This value is consistent with the efficient incorporation and activation of unintentional Mg impurity, and relatively low compensation of the GaN crystals. The C-V measurement performed on the opposite face of the crystal indicated n-type conductivity. The differences in electrical properties of the N-and Ga-polar faces of these samples justify I-V measurements in a vertical configuration across these samples. The I-V curve of sample #3 of batch H-135, as highlighted in Fig. 4 , shows rectifying characteristics. The result indicates that a p-n junction with low reverse leakage is formed in the bulk of the sample, confirming the strong preferential incorporation of different type of impurities on opposite GaN polarity. Figure 5 depicts a false color electroluminescence image of a similar sample from the same growth run, demonstrating that a p-n junction is naturally formed by the solution growth method.
In summary, thorough spectrometric and optical spectroscopic studies in combination with selective etching carried out on samples grown by the moderate-pressure solution method demonstrate that shallow substitutional Mg impurities efficiently and preferentially incorporate on the N-polar face of the GaN crystals, and that lower growth temperatures favor larger Mg incorporation. The relatively higher PL efficiency consistently indicates that these crystals have a much lower concentration of non radiative defects than Mg doped MBE homoepitaxial films deposited on HVPE substrates. I-V and electroluminescence studies verified that a p-n junction characterized by a small leakage current is formed in the bulk of the samples. These results strongly suggest that liquid phase epitaxial growth of GaN films on N-polar face substrates may be a viable approach to achieve layers with higher hole concentrations. 
